We present a study of the anisotropic transport properties ͑electrical resistivity, thermoelectric power, Hall coefficient, and thermal conductivity͒ of a single-crystalline Al 80 Cr 15 Fe 5 complex metallic alloy that is an excellent approximant to the decagonal quasicrystal with six atomic layers in one periodic unit. Temperaturedependent electrical resistivity along the b and c crystalline directions shows a nonmetallic behavior with a broad maximum, whereas it shows a metallic positive temperature coefficient along the a direction perpendicular to the ͑b , c͒ atomic planes. Ab initio calculations of the electronic density of states reveal that the nonmetallic transport occurs in the presence of a high density of charge carriers. The very different temperature-dependent electrical resistivities along the three crystalline directions can all be treated within the same physical model of slow charge carriers due to weak dispersion of the electronic bands, where the increased electron-phonon scattering upon raising the temperature induces transition from dominant Boltzmann ͑metallic͒ to dominant non-Boltzmann ͑insulatinglike͒ regime. The temperature dependence of the resistivity is governed predominantly by the temperature dependence of the electronic diffusion constant D and the transition has no resemblance to the Anderson-type metal-to-insulator transition based on the gradual electron localization. Structural considerations of the Al 80 Cr 15 Fe 5 phase show that the anisotropy of the transport properties is a consequence of anisotropic atomic order on the scale of nearest-neighbor atoms, suggesting that the role of quasiperiodicity in the anisotropic transport of decagonal quasicrystals is marginal. We also present a relaxed version of the Al 4 ͑Cr, Fe͒ structural model by Deng et al.
I. INTRODUCTION
One of the basic open questions in the physics of quasicrystals ͑QCs͒ is whether quasiperiodicity of the structure influences the physical properties of a solid in a fundamental way by introducing qualitatively new phenomena or the unusual properties are rather a consequence of complex local atomic order with no direct relationship to the quasiperiodicity. Being metallic alloys, the most striking property of QCs is their nonmetallic electrical resistivity with negative temperature coefficient ͑NTC͒ along the quasiperiodic direction. Decagonal ͑d͒ phases are of special importance, as their structure can be viewed as a periodic stack of quasiperiodic planes, so that d-QCs are two-dimensional QCs, whereas they are periodic crystals in a direction perpendicular to the quasiperiodic planes. The resistivity in the quasiperiodic ͑Q͒ and periodic ͑P͒ directions can be consequently investigated on the same sample. Literature reports reveal that d-QCs exhibit anisotropy in their electronic and thermal transport properties ͓electrical resistivity , 1-3 thermoelectric power S, 4 Hall coefficient R H , 5, 6 thermal conductivity , 7, 8 and optical conductivity ͑͒ ͑Ref. 9͔͒, when measured along the Q and P directions. The degree of anisotropy is related to the structural details of a particular decagonal phase, depending on the number of quasiperiodic layers in one periodic unit. 10, 11 The most anisotropic cases are the phases with just two layers, realized in d-Al-Cu-Co and d-Al-Ni-Co, where the periodicity length along the periodic axis is about 0.4 nm and the resistivity ratio at room temperature ͑RT͒ amounts typically Q / P Ϸ 6 -10. 2 whereas the considerably larger resistivity Q in the quasiperiodic plane ͑e.g., Q 300 K Ϸ 330 ⍀ cm͒ 2 exhibits a NTC and usually also a maximum somewhere below RT or a leveling off upon T → 0. At present, there is no unified theory to explain the very different temperature dependencies of P and Q within the same physical picture. While P was considered to be consistent with the semiclassical Bloch-Grüneisen theory of electronphonon scattering in regular metals, 2, 11 nonmetallic Q was proposed to be described by the generalized Faber-Ziman theory that considers enhanced electron-phonon interaction and enhanced phonon-phonon coupling in the quasiperiodic plane. 3 The NTC and the maximum in Q were consequently attributed to the temperature-dependent Debye-Waller factor e −2W Ϸ 1−␤T. In another approach, Q was attributed to phonon-assisted tunneling of electrons in the regime of extended states. 2, 11 The existence of a pseudogap in the electronic density of states ͑DOS͒ at the Fermi energy E F and its role in the electronic transport of d-QCs are another pending issue. Photoemission experiments 12 have demonstrated that the pseudogap at E F , characteristic of many icosahedral QCs, is absent in d alloys, in agreement with more recent theoretical studies. 13 Experiments and DOS calculations on d-Al-Ni-Co and d-Al-Cu-Co decagonal approximants also suggest that the DOS value at E F is high. 14 The nonmetallic electrical transport in the presence of a high number of electrical carriers is thus another open issue in the context of d-QCs. Moreover, anisotropies in the electronic and thermal transport properties similar to those in d-QCs were also observed in periodic structurally complex phases Al 13 Co͑Fe͒ 4 and the Taylor-phase Al 3 Mn, 15 so that quasiperiodicity alone cannot be the origin of the anisotropic transport. We are thus left with the following open questions: ͑i͒ What is the origin of nonmetallic transport in the presence of a high density of charge carriers? ͑ii͒ Does there exist a unified picture of the electronic transport along the Q and P directions in d-QCs, i.e., can the very different magnitudes and temperature dependencies of Q and P be explained within the same physical model? ͑iii͒ What is the role of quasiperiodicity ͑is there any͒ in the anisotropic transport of d-QCs? We address these fundamental questions by presenting an experimental and theoretical study of transport properties ͑electrical resistivity, thermopower, Hall coefficient, and thermal conductivity͒ along the three crystalline directions of a single-crystalline Al 4 ͑Cr, Fe͒ complex metallic alloy that is an excellent approximant to the decagonal phase with six atomic layers in a periodic unit.
II. SAMPLE PREPARATION
The investigated Al 4 ͑Cr, Fe͒ compound belongs to the class of body-centered orthorhombic phases Al 4 TM ͑transi-tion metal͒ with a Ϸ 1.25 nm, b Ϸ 1.25 nm, and c Ϸ 3.05 nm, which coexist with the d-QC having a period of 1.25 nm along its periodic tenfold direction ͑corresponding to the a axis of Al 4 TM͒. 16 The Al 4 TM phase has been so far observed in no less than six different Al-TM alloys, so that it must be a common structure to this class of alloys. The Al 4 TM structure can be described as a periodic repetition of a sequence PЈFPpЈfp of six atomic layers stacked within one periodicity length of 1.25 nm along a, showing close structural relationship to the six-layer Al-TM d-QCs with the same periodicity. The block PЈFP is composed of a flat layer F at x =0 and a puckered layer P at x Ϸ a / 6, whereas the puckered layer PЈ is in mirror-reflecting position across the F layer. The block pЈfp equals the block PЈFP translated by ͑a / 2, b / 2, c / 2͒.
The single crystal used in our study was grown from an incongruent Al-rich melt of initial composition Al 87 Cr 7 Fe 6 by the Czochralski method using a native seed. The composition of the sample ͑rounded to the closest integers͒ was Al 80 Cr 15 Fe 5 and its structure could be assigned to the orthorhombic phase, previously described by Deng et al., 16 with the following crystallographic parameters: Pearson's symbol oI366-59.56, space group Immm ͑No. 71͒, unit cell parameters a = 1.2500͑6͒ nm, b = 1.2617͑2͒ nm, and c = 3.0651͑8͒ nm, and 306.44 atoms in the giant unit cell. Due to body centering, the primitive unit cell contains only half as many atoms. Cr and Fe atoms are not differentiated crystallographically. In order to perform crystalline-directiondependent studies, we prepared three bar-shaped samples of dimensions 2 ϫ 2 ϫ 8 mm 3 with their long axes along the three crystallographic directions of the orthorhombic unit cell. The ͓100͔ direction ͑designated in the following as a͒ corresponds to the periodic direction in d-QCs, whereas the ͓010͔ ͑b͒ and ͓001͔ ͑c͒ directions lie within the atomic planes ͑corresponding to the quasiperiodic directions in d-QCs͒.
III. TRANSPORT PROPERTIES

A. Electrical resistivity
Electrical resistivity was measured between 300 and 2 K using the standard four-terminal technique and the data are displayed in Fig. 1 . The resistivity is the lowest along the a axis perpendicular to the atomic planes. a shows a PTC in the whole investigated temperature interval and a RT value a 300 K = 297 ⍀ cm. The resistivities within the atomic planes are higher and exhibit different temperature dependencies with a broad maximum, where the temperature coefficient is reversed. b exhibits a maximum at about 125 K with the peak value 375 ⍀ cm and the RT value b 300 K = 371 ⍀ cm. The resistivity c is the highest; its maximum value 413 ⍀ cm occurs at 100 K and the RT value is c 300 K = 407 ⍀ cm. At RT, the ratios of the resistivities are c / a = 1.37, b / a = 1.25, and c / b = 1.10. The resistivity of Al 80 Cr 15 Fe 5 is thus analogous to d-QCs, [2] [3] [4] where the resistivity perpendicular to the quasiperiodic atomic planes also shows a metallic PTC and its value is smaller than the inplane resistivity, which exhibits a nonmetallic character with NTC on the high-temperature side of the maximum in and PTC below.
B. Thermoelectric power
The thermoelectric power ͑the Seebeck coefficient S͒ was measured between 300 and 4 K by applying a differential method with two identical thermocouples ͑Chromel gold with 0.07% iron͒, attached to the sample with silver paint, and the data are displayed in Fig. 2 . Thermopower is small in all three directions and the values are in the range between +1 and −2.5 V / K. S a , S b , and S c exhibit slight quantitative differences in the details of their rather complicated temperature dependencies, but all of them exhibit qualitatively similar features of a pronounced minimum around 80 K and additional local minima and maxima. In the minimum at 80 K, S a value is the smallest, whereas at elevated temperatures, S a exhibits stronger growth than the in-plane coefficients S b and S c .
C. Hall coefficient
The Hall effect measurements were performed by the five-point method using standard ac technique in magnetic fields up to 1 T. The current through the samples was in the range 10-50 mA and its actual value was selected with the requirement that the self-heating of the sample did not increase its temperature above the sample-holder temperature for more than 1 K. The temperature-dependent Hall coefficient R H = E y / j x B z is displayed in Fig. 3 . In the first set of experiments, the current j x was directed along the a direction perpendicular to the atomic planes and the magnetic field B z was applied along either of the two in-plane crystalline directions ͑b and c͒. In the second set, the current was flowing in plane along b, whereas the field pointed either along the second in-plane direction c or perpendicular to the planes along a. The results are collected in Table I 17 which is based on the density functional theory. For our calculations, we used the local density approximation of Perdew and Wang. 18 Important details of the calculations are as follows. The radii of the muffin-tin spheres around the atoms were 2.06 Å for the Al atoms, 2.11 Å for the Cr atoms, and 2.35 Å for the Fe atoms. The Cr 3p and Fe 3p semicore states, which are not well localized within the muffin-tin spheres ͑more than 0.01 e / atom "leak" out of the spheres͒, were treated as full valence states using local orbitals. 19 This treatment ensured the orthogonality of the higher-lying valence states with the semicore states. Apart from the local orbitals for the semicore states, the basis further included LAPWs with energies up to 127 eV and additional local orbitals for the Al 3d, Cr 3d, and Fe 3d states using the formalism described elsewhere. 20, 21 The k space was sampled with 16 special k points ͑corresponding to 64 k points in the entire Brillouin zone͒ using temperature smearing ͑the electronic temperature was T e = 2 mRy͒.
In the Al 4 ͑Cr, Fe͒ model of Deng et al., 16 no distinction is made between the Cr and Fe sites. In addition, there exist sites of mixed and partial occupancies. For our calculations, where each site must be either vacant or occupied by a specific atom, we made the following choices: ͑1͒ the sites of mixed occupancy 75% Al and 25% ͑Cr,Fe͒ were occupied with Al; ͑2͒ to avoid short distances, sites of partial occupancy were occupied in 50% of the cases ͑though in the structure refinement of the Deng model, the occupancy ranges from 50% to 67%͒; ͑3͒ for the ͑Cr,Fe͒ sites, we tried two models, one where neighboring Fe-Fe contacts were avoided as much as possible and another where we tried to avoid Cr-Cr contacts. We found that the first model was more stable, by approximately 2 eV per primitive unit cell, and we used this model as a basis for further ab initio calculations. This model had 148 atoms per primitive unit cell ͑Ϸ153 in the original Deng model͒ and its composition was Al 80. 4 Calculating the DOS for the model of Deng et al. 16 with the sites of mixed and partial occupancies occupied as described above, we found that the forces on some of the atoms were as large as Ϸ94 mRy/ Å. The reason for this is most probably the fact that the model gives atomic positions that are averaged over the different possible occupations of the mixed and partially occupied sites, whereas in our model, we have made specific choices described in the previous paragraph. To bring the atoms to their equilibrium positions, we performed structural relaxation, which was stopped after the forces on all atoms were less than 7 mRy/ Å. The final atomic coordinates before and after the structural relaxation are given in Table II . The y and z coordinates of all independent atomic positions are shown in Figs. 4͑a͒ and 4͑b͒, which show the F and P atomic planes, respectively. Figure 4͑c͒ shows the x and z coordinates of all atoms that lie in the plane y Ϸ 0. The first thing to notice in Fig. 4 is that some positions of the original model of Deng et al. ͑indicated by small black dots͒ are not occupied in our new model. These are the unoccupied half of the above-mentioned partially occupied sites. One can recognize this by realizing that the original model of Deng et al. has mirror planes at x =0, y = 0, and z = 0 and that, due to the particular choices we made for occupying the partially occupied sites, we broke the mirror symmetries across the y = 0 and z = 0 planes, but not the mirror symmetry across the x = 0 plane. As a result, the layered PЈFPpЈfp structure remained intact. From Figs. 4͑a͒ and 4͑b͒, it is evident that the y and z coordinates of the atoms did not change dramatically upon structural relaxation. This indicates that the model of Al 4 ͑Cr, Fe͒ of Deng et al. is robust against the occupations that we have chosen. The x coordinates in the F plane ͓Fig. 4͑a͔͒ are zero by symmetry and did not change during the structural relaxation. In the original model of Deng et al., the x coordinates in the P plane ͓shown in Fig. 4͑b͔͒ were between 0.1130 and 0.1915 a. In the relaxed model, they were between 0.0894 and 0.2271 a, so that puckering of the P layer increased somewhat. As a final point, it is remarkable to note how far the two Cr11 atoms in the middle of . At about 10 eV below the Fermi energy, the free-electron-like DOS of Al can be clearly recognized. Around 1 -2 eV below E F , there is a peak due to the Cr 3d and Fe 3d states. Comparing the two DOSs, it can be seen that the structural relaxation has caused the DOS at E F to become somewhat lower, whereas the ͑Cr, Fe͒ 3d peak has become more pronounced. The lowering of the DOS near E F indicates further electronic stabilization of the relaxed structure, as compared to the original model with unrelaxed atomic coordinates. For the electronic conduction, it is important to note that the DOS at E F is high with no tendency to exhibit a pseudogap. The calculated DOS of Al 4 ͑Cr, Fe͒ is thus metal-like, so that the nonmetallic electrical resistivity displayed in Fig. 1 occurs in the presence of a high density of charge carriers.
E. Lattice thermal conductivity
The thermal conductivity of Al 80 Cr 15 Fe 5 was measured along the three crystallographic directions using an absolute steady-state heat-flow method. The thermal flux through the samples was generated by a 1 k⍀ RuO 2 chip resistor, glued to one end of the sample, while the other end was attached to a copper heat sink. The temperature gradient across the sample was monitored by a Chromel-Constantan differential thermocouple. The phononic contribution ph = − el was extracted by subtracting the electronic contribution el from the total conductivity using the Wiedemann-Franz law and the measured electrical resistivity data. Though the use of the Wiedemann-Franz law is a rough approximation, in this way determined ph gives an indication of the anisotropy of the phononic spectrum. Phononic thermal conductivity is displayed in Fig. 6 , where we observe that the conductivity ph a along the a direction in the low-T regime below 50 K ͑which can be associated with the regime where umklapp processes are still ineffective͒ is the highest, whereas the two in-plane conductivities ph b and ph c are somewhat smaller and also show a very weak in-plane anisotropy. The total thermal conductivity and the electronic contribution el along the three crystalline directions are displayed in the inset of Fig. 6 .
IV. ANALYSIS
The temperature-dependent electrical resistivity of Al 80 Cr 15 Fe 5 was analyzed within the theory of Trambly de Laissardière et al., 22 who have shown that the semiclassical ͑Bloch-Boltzmann͒ model of conduction breaks down when the mean free path of charge carriers is smaller than a typical extension of their wave function. This situation is realized for sufficiently slow charge carriers and leads to a transition from a metallic to an insulatinglike regime when scattering by defects or temperature effects increases. The semiclassical theory of conduction in crystals is based on the concept of a charge carrier wave packet propagating at a velocity v nj ͑k ͒ = ͑1 / ប͒‫ץ‬E n ͑k ͒ / ‫ץ‬k j , where j = x , y , z and E n ͑k ͒ is the dispersion relation for band n and wave vector k . The validity of the wave packet concept requires that the extension L wp of the wave packet of the charge carrier is smaller than the distance v of traveling between two scattering events separated by a time ͑the so-called ballistic propagation͒. On the contrary, when v Ͻ L wp , a condition that can be realized for sufficiently slow charge carriers, the propagation is nonballistic and the semiclassical model breaks down. Small velocities are found in systems with small band dispersion, i.e., when the derivatives ‫ץ‬E n ͑k ͒ / ‫ץ‬k j are small. d-QCs are examples of such systems. Electronic band calculations on the Al-Cu-Co decagonal approximant with two atomic layers in one periodicity unit have revealed 11 that the bands are flat ͑very much dispersionless͒ in the Q direction, whereas they exhibit more dispersion in the P direction. Consequently, the velocity of charge carriers within the quasiperiodic planes is small, whereas it is larger along the periodic direction.
The theory 22 enables us to treat the standard Boltzmann metallic regime of fast carriers ͑v Ͼ L wp ͒ on the same footing with the slow carriers ͑v Ͻ L wp ͒ in the insulatinglike regime. According to the Einstein relation, the conductivity depends on the DOS g͑E͒ and the spectral diffusivity D͑E͒ within the thermal interval of a few k B T around the Fermi level E F . In cases of slowly varying metallic DOS with no pseudogap at E F , it is permissible to replace g͑E͒ by g͑E F ͒. For the diffusion constant, it was shown 22 that it can be writ-
where L 2 ͑͒ is the nonballistic ͑non-Boltzmann͒ contribution to the square of spreading of the quantum state at energy E due to diffusion, averaged on a time scale . L͑͒ is bounded by the unit cell length and saturates to a constant value already for short averaging time. The dc conductivity of the system in the crystalline direction j can be written as
where Bj is the Boltzmann contribution and NBj is the nonBoltzmann contribution. The scattering rate −1 will generally be a sum of a temperature-and orientation-independent rate 0 −1 due to scattering by quenched defects and a temperature-dependent term due to scattering by phonons p −1 . The anisotropy of the atomic structure implies that the phonon spectrum will also be anisotropic, so that the scattering rate will generally depend on the crystalline direction, j −1 = 0 −1 + pj −1 . In the simplest case, pj can be phenomenologically written as a power law of temperature, pj = ␤ j / T ␣ j . Assuming that L j 2 ͑ j ͒ can be replaced by its limiting value, a constant L j 2 , Eq. ͑1͒ yields a minimum in the conductivity j as a function of j or temperature ͑or equivalently, there is a maximum in the resistivity j = j −1 ͒ at the condition j = L j / v j . Above the resistivity maximum, the non-Boltzmann contribution prevails and the resistivity will exhibit a nonmetallic NTC, whereas below the maximum, the resistivity will exhibit a metallic PTC due to dominant Boltzmann contribution. The resistivity maxima, as observed for b and c in Fig. 1 , can thus be considered as a consequence of a crossover from dominant ballistic conductivity at low T to dominant nonballistic conductivity at high T due to small velocities of the charge carriers.
Defining A j = e 2 g͑E F ͒v j 2 0 , B j = e 2 g͑E F ͒L j 2 / 0 , and C j = 0 / ␤ j , Eq. ͑1͒ can be rewritten as
which contains four crystalline-direction-dependent fit parameters A j , B j , C j , and ␣ j ͑the last two always appear in a product C j T ␣ j ͒. The zero-temperature conductivity is obtained as j 0 = A j + B j . In the regime of dominant scattering by quenched defects, 0 / pj = C j T ␣ j 1, normally realized at low temperatures, expansion of Eq. ͑2͒ yields the lowtemperature form of the conductivity j = j 0 − 1 T ␣ j ͑pro-vided that A j Ͼ B j ͒. This can be viewed as a generalized Bloch-Grüneisen law that yields a metallic PTC resistivity. In the other extreme of dominant phonon scattering, 0 / pj = C j T ␣ j 1, normally realized at high temperatures, Eq. ͑2͒ yields the high-temperature form of the conductivity as j = 2 T ␣ j , yielding an insulatorlike NTC resistivity. The relative magnitudes of A j , B j , and C j T ␣ j coefficients thus determine the temperature dependence of the resistivity within a given temperature range, which can either be in the metallic or insulatinglike regimes, or at a crossover between these two regimes ͑in which case the resistivity exhibits a maximum͒. This is shown in Fig. 7 , where theoretical resistivities, calculated from Eq. ͑2͒, are plotted for different combinations of the coefficients. Since these coefficients depend on the electronic structure of the investigated compound ͓g͑E F ͒ and v j ͔, its crystallographic details ͑L j ͒, defect concentration ͑ 0 ͒, and phononic spectrum ͑ pj ͒, they are specific to a given structure and sample purity. It is interesting that for some combination of the A j , B j , C j , and ␣ j parameters, Eq. ͑2͒ gives identical temperature dependence of the resistivity as the theory of weak localization, 23 frequently used to analyze the temperature-dependent resistivity of icosahedral QCs. Weak localization is considered to introduce small temperature-dependent correction ⌬ WL ͑T͒ to the Boltzmann conductivity due to spin-orbit and inelastic scattering processes of electrons and is written in the form 
where D is the diffusion constant, so the spin-orbit scattering time, and t = so / 4 i ͑T͒, where i ͑T͒ is the inelastic scattering time. Considering i ϰ 1 / T ␣ ͓the same form as used in Eq. ͑2͔͒, sets of parameters pertinent to Eqs. ͑2͒ and ͑3͒ can be found that yield identical temperature dependence of the resistivity, exhibiting a maximum in the low-temperature regime. Such comparison is shown in Fig. 7 , panel ͑iv͒, where it is evident that Eqs. ͑2͒ and ͑3͒ give indistinguishable curves ͓quantitative details of this comparison are given in the caption to Fig. 7͑iv͔͒ . However, while the validity of the weak localization concept is restricted to low temperatures, the theory of slow charge carriers of Eq. ͑2͒ is applicable at all temperatures and does not involve any electron localization.
The fits of the resistivities with Eq. ͑2͒ are displayed in Fig. 1 as solid lines and the fit parameters are collected in Table III . The fits are excellent for all three crystalline directions. The A j parameter values enable us to estimate the anisotropy of the electronic average velocities along the three TABLE III. Fit parameters of the electrical resistivity ͓solid curves in Fig. 1 , as calculated from Eq. ͑2͔͒. The units of the coefficients C j are chosen so that the temperature in the expression 04, so that the velocity is the highest along the a axis perpendicular to the atomic planes and there is also a small anisotropy within the atomic planes. The parameters C j and ␣ j describe the anisotropy of the electronphonon scattering rate. Anisotropy of the phononic spectrum is reflected in the anisotropy of the lattice thermal conductivity ph shown in Fig. 6 . The observed anisotropy of ph thus gives qualitative support to the presumption that the phononic spectrum of Al 80 Cr 15 Fe 5 is spatially anisotropic and justifies the use of a crystalline-direction-dependent phonon scattering rate pj −1 . The very different temperature-dependent electrical resistivities of Al 80 Cr 15 Fe 5 along the three crystalline directions can thus be all treated within the same physical model of slow charge carriers, where the increased electron-phonon scattering upon raising the temperature induces a transition from dominant Boltzmann ͑metallic͒ to dominant nonBoltzmann ͑insulatinglike͒ regime. As this happens in the presence of a high density of charge carriers, the temperature dependence of the resistivity is governed predominantly by the temperature dependence of the electronic diffusion constant D and the transition has no resemblance to the Anderson-type metal-to-insulator transition based on gradual electron localization. The metalliclike a ͑T͒ in Fig. 1 is nothing but the low-T part of the b ͑T͒-and c ͑T͒-type resistivities. The above considerations also reveal that the broad maximum in ͑T͒ is not a magnetic effect, as considered previously in the context of i-Al-Pd-Mn QCs with the same type of temperature-dependent resistivity.
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V. TRANSPORT ANISOTROPY VERSUS COMPLEX ATOMIC ORDER
The above model considers the anisotropy of the electrical resistivity ͑as well as of the other electrical and thermal transport coefficients͒ of the Al 80 Cr 15 Fe 5 decagonal approximant to arise from the anisotropy of its electronic structure and phonon spectrum. These quantities depend crucially on the anisotropy of the atomic structure, i.e., on the microscopic structural details of the Al 4 TM phase along different crystallographic directions. We, therefore, consider possible reasons for the anisotropy of the resistivity by analyzing structural details of our relaxed version of the model of Deng et al. To this end, we first calculated ab initio the electronic charge density within the Al 4 TM unit cell in a narrow window around the Fermi energy ͑E F − 0.5 eV, E F + 0.5 eV͒, corresponding roughly to the electron density that actually participates in the conduction process. This window is indicated as a gray hatched area in Fig. 5 of the DOS. The charge density maps are shown in Fig. 8 for the same planes ͑F, P, and y =0͒, for which the atomic positions of the relaxed model are also displayed in Fig. 4 . It is observed that the Cr and Fe atoms light up brightly, indicating a strongly peaked charge density on the TM atoms, whereas the Al atoms are darker ͑smaller charge density͒, but the density between them is more uniform and hence electron-gas-like. Two more details can be noticed in Fig. 8 : the four-lobe structure of the high charge density on most of the TM atoms, which is typical for the d orbitals, and the discontinuities ͑small black circles͒ that can be seen in the charge density at the boundaries of the atomic spheres. The latter effect is an artifact of the LAPW method and has no physical significance. In the electronic long-range transport, the conduction electrons will preferentially move along connected paths of uniform charge density from one to another end of the sample. High conductivity in a given crystallographic direction can then be expected in case that atomic chains of predominantly Al atoms in direct contacts propagate along this direction. In the following, we will make an analysis of the atomic chain distribution along the a, b, and c crystallographic directions of the Al 4 TM structure.
We describe the analysis for the a direction, whereas those for the b and c directions are analogous. Using the model of Deng et al., we constructed a "supercell" of two unit cells stacked along a and took one of the atoms located within the "left" ͑b , c͒ boundary plane of the supercell ͑de-noted as "atom 1"͒ to be the origin of a chain. The vectors joining atom 1 to its j nearest neighbors are denoted as r ជ 1j . The angles 1j between r ជ 1j and the a direction ͓described by the unit vector â = ͑1,0,0͔͒ were then determined by the sca- lar product r ជ 1j · â = r 1j cos 1j . Those nearest neighbors were selected that were lying closest to the a direction by satisfying a criterion 1j Ͻ max , where max is a preselected maximum allowed angle. Each of these atoms was then taken as "atom 2" of a particular atomic chain. The same step was then repeated until the chains ͑of a common ancestor atom 1͒ reached the "right" ͑b , c͒ boundary plane of the supercell. The procedure was then repeated for all atoms lying within the left boundary plane. In this way, constructed atomic sequences form zigzag chains with all ij Ͻ max ͓Fig. 9, panel ͑i͔͒ and represent the shortest connections along the a direction over the supercell. Large majority of the so-constructed chains contained 10 atoms, whereas some with 11 atoms were also found. The nearest-neighbor distances were distributed within the range 2.3-3.1 Å with the peak at 2.7 Å, thus excluding the possibility that some next-nearestneighbor atoms could also participate in the chains. In many cases, different chains contained a considerable fraction of common atoms, making them very similar. Only the chains that contained less than 50% of common atoms were considered to be different.
In counting the chains, we used two criteria. We first specified max and observed how many chains are present in the structure along a ͑the smaller the max , the more straight is the chain͒. max was varied between 26°and 32°. The second criterion was the percentage of TM atoms in the chain, given by the ratio N TM / N chain . As there were typically ten atoms in one chain over the supercell ͑thus five atoms in one unit cell͒, the ratio, e.g., N TM / N chain = 0.2, means that one out of five atoms in one unit cell is TM and the remaining four are Al. The chains with small number of TM atoms are then considered to be more conducting ͑following the ab initio result that the charge density between nearest-neighbor Al atoms is more uniform and electron-gas-like͒.
Histograms, showing the number of chains and their distribution according to the N TM / N chain criterion for various max along the three crystalline directions, are displayed in Fig. 9 . For the smallest max = 26°, the a direction ͓panel ͑ii͔͒ already contains chains with a small number of TM atoms ͑N TM / N chain = 0.2͒, whereas the chains along b ͓panel ͑iii͔͒ contain more TM atoms ͑N TM / N chain = 0.4 and 0.6͒. For the c direction ͓panel ͑iv͔͒, no connected chains can be found for this choice of max . Increasing max toward 32°, the chains N TM / N chain = 0.2 are present along a for all choices of max ͑with their number saturated at 22͒, whereas for the b direction, such chains appear only at the largest max = 32°͑being 16 in number͒. For this choice of max , some pure Al chains ͑N TM / N chain =0͒ also exist for the a and b directions ͓shown by thicker lines in Fig. 9͑i͔͒ . For the c direction, connected chains ͑small in number͒ appear only at max higher than 30°. The Al-rich chains along the a direction perpendicular to the atomic planes are thus more straight ͑shorter͒ than those within the ͑b , c͒ atomic planes and the number of chains with small max is the highest for the a direction, making it the most conducting direction. The same consideration suggests that the c direction is the least conducting one. The above chain-distribution analysis, based on the specific structural details of the complex atomic order of the Al 4 TM phase along the three crystallographic directions, thus qualitatively accounts for the anisotropy of the electrical resistivity of Al 80 Cr 15 Fe 5 . This anisotropy is a consequence of the specific complex local atomic order within the giant unit cell of the Al 4 TM phase on the scale of nearest-neighbor atoms and has little ͑or nothing͒ to do with symmetries of the intermediatescale structural motifs and atomic clusters within the unit cell, where the icosahedral nearest-neighbor coordination prevails.
VI. DISCUSSION AND CONCLUSIONS
The choice of the Al 80 Cr 15 Fe 5 complex metallic alloy to study the anisotropic transport properties in relation to d-QCs appears to be advantageous. This compound is an excellent periodic approximant to the decagonal phase and single-crystalline samples of high structural perfection could recently be grown. Due to the six-layer structure of the Al 4 TM phase, the anisotropy in the transport properties is smaller than that in the two-and four-layer structures, but still pronounced. The important point is that the velocity of the charge carriers is just in the range where temperature induces transition from dominant Boltzmann ͑metallic͒ to dominant non-Boltzmann ͑insulatinglike͒ regimes, as demonstrated in the appearance of the resistivity maximum for specific crystalline directions. Consequently, a temperaturedependent electronic diffusion coefficient pertinent to slow charge carriers enables the unified treatment of both regimes. This situation is less evident in the more anisotropic twoand four-layer d-QCs, where the very different magnitudes and temperature dependencies of P and Q seem to be uncorrelated at the first glance. However, assuming that the velocities along the P and Q directions are in this case in the extreme Boltzmann and non-Boltzmann regimes, respectively, enables treatment of the more anisotropic d-QCs on the same footing of slow charge carriers. A single physical picture thus applies to Al-TM-type d-QCs at all temperatures and for all crystalline directions, either periodic or quasiperiodic. The anisotropy of the resistivity is ultimately related to the anisotropy of the electronic band structure that is responsible for the anisotropy of the electronic velocity along different crystalline directions. A preliminary discussion of the velocity anisotropy in d-QCs in relation to the number of quasiperiodic layers within one periodic unit is given elsewhere, 11 where the two-layer case is shown to be the most anisotropic one.
The above approach of slow charge carriers has been successfully applied to the electrical resistivity, whereas implementation of this concept to other transport coefficients still has to be performed. At present, we cannot offer quantitative explanation of the anisotropic thermopower shown in Fig. 2 that shows complicated temperature dependence with minima and maxima. Phonon drag effect, which sometimes yields a minimum in S͑T͒, may be present as well. Hall coefficient ͑Fig. 3͒ shows a pronounced anisotropy. For the current flow along the a direction perpendicular to the ͑b , c͒ atomic layers, different signs of R H are obtained for the magnetic field directed along either of the two in-plane directions b and c. This indicates a complicated shape of the Fermi surface and suggests coexistence of pockets of electrons and holes. A determination of the Fermi surface for the Al 4 TM structure is needed in order to explain the anisotropy of the Hall coefficient. Similar consideration also applies to the phonon thermal conductivity shown in Fig. 6 , where the analysis of the ph anisotropy requires knowledge of the vibrational DOS specific to the Al 4 TM structure.
Recalling the three fundamental questions raised in the Introduction, we are able to give the following answers.
͑i͒ The origin of nonmetallic transport in the presence of a high density of charge carriers is their slow velocity. The NTC of the resistivity is a consequence of a specific temperature dependence of the electronic diffusion coefficient due to non-Boltzmann ͑nonballistic͒ motion of charge carriers.
͑ii͒ The model of slow charge carriers gives a unified picture of the electronic transport along the Q and P directions in d-QCs and their approximants. Temperature effects ͑increased electron-phonon scattering͒ can induce transition from dominant metallic to dominant insulatinglike regime. The transition occurs in the presence of a high density of charge carriers and has no resemblance to the Anderson-type metal-to-insulator transition due to gradual electron localization. The very different magnitudes and temperature dependencies of Q and P observed in the most anisotropic d-QCs with two atomic layers in one periodicity unit can be explained within the same physical model, considering anisotropic band structure and the associated differences in the electronic velocities.
͑iii͒ The anisotropy of the transport properties is a consequence of the complex local atomic order on the scale of nearest-neighbor atoms and has little ͑or nothing͒ to do with symmetries of the intermediate-scale structural motifs and atomic clusters, either periodic or quasiperiodic. This suggests that the role of quasiperiodicity in the anisotropic transport of d-QCs is marginal, if not negligible.
Finally, the concept of slow charge carriers does not seem to be restricted to d-QCs and their approximants only. Very similar temperature-dependent resistivities, exhibiting a broad maximum of practically identical shape to that displayed in Figs. 1͑a͒ and 1͑b͒ , though with much higher absolute values ͑of up to several 1000 ⍀ cm͒ were observed also in icosahedral QCs, the most studied example being i-Al-Pd-Mn. [25] [26] [27] [28] The much higher values can be attributed to the reduced DOS at E F due to the pseudogap in icosahedral QCs.
